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Abstract The recent advantage of the power of graphic

workstations has made it possible to handle 3D human

structures in an interactive way. Real-time imaging of

medical 3D or 4D images can be used not only for diag-

nosis, but also for various novel medical treatments. By

elaborating on the history of the establishment of our

laboratory, which focuses on medical virtual reality, we

describe our experience of developing surgery simulation

and surgery navigation systems according to our research

results. In the case of surgical simulation, we mention two

kinds of virtual surgery simulators that produce the haptic

sensation of surgical maneuvers in the user’s fingers.

Regarding surgical navigation systems, we explain the

necessity of the augmented reality function for the

encouragement of the ability of robotic surgery and its trial

for clinical case.
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1 Preface (the beginning)

We are sure that many researchers remember the days,

more than 20 years ago, when it took an hour to create just

one 3D image. In those days, it was common to wait for an

hour for another 3D image of a patient’s brain at a slightly

different angle. With small incremental steps forward from

year to year, the time required to create 3D images has

become shorter as the power of the computers used was

enhanced. We could then begin to imagine what the world

of medical imaging would be like if we could handle real-

time 3D images. It was about the same time that 3D images

came into use not only for diagnosis but also for applica-

tion to various medical treatments, and interactive use of

3D images with sufficient information for medical use

became possible.

We started to perform research in this field, because we

were very much attracted to the sophisticated 3D images

that were announced by Prof. Richard A. Robb (Robb

1971, 1997; Robb et al. 1976, 1989; Rajagopalan et al.

2005) and Prof. Karl Heinz Höhne (Gehrmann et al. 2006;

Höhne et al. 1995; Tiede et al. 1998; Pflesser et al. 2002;

Petersik et al. 2003), who are pioneers in this field. It is one

of our best memories in our research career, as we were

able to have discussions with them and were able to work

with them; people that we only could meet by reading their

papers. In 1987 we had a chance to own a high-speed

graphics workstation produced by Silicon Graphics Inc.

(SGI). It filled half of our research room at the time. This

enabled us to commence research on medical real-time 3D

imaging.

This machine should have been placed in a room that

had been built for it, but we could not afford it and we

spent several years working in the same room without

windows and with its loud noise and heat. We felt like a

crew on a submarine. However, we cannot forget how new

and eye-opening it was for us to be able to look at 3D

images of the head and stomach and freely change the

viewpoint and display by using a dial on the workstation.

As we became excited by the images, we searched for ways

to visualize human inner structures as freely as possible. As

with so many other researchers around the world at the

time, we were trying to solve this problem by applying
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virtual reality (VR) technologies. Our university permitted

us to establish a research laboratory for this field of

research (Institute for High Dimensional Medial Imaging),

and we were able to gather some staff and joint researchers.

In this text, we would like to describe our development of

surgical simulation technology applying VR and surgical

navigation technology.

2 Surgical simulation

We believed that surgery simulation would be one of the

largest applications of medical virtual reality (Rosen et al.

1996; Cotin et al. 1999; Mendoza and Laugier 2003). We

have been developing a surgery simulation system that is

capable of simulating surgical maneuvers on soft tissue

organs since 1993 (Suzuki et al. 1997, 1998, 2003a, 2004;

Devernay et al. 2001).

Soft tissues change shape when touched with the fin-

gertips, as occurs during surgery. We did not want to use a

typical model of the tissue in the system as we have in case

of conventional simulator for surgery education. We would

like to construct a simulator which can perform rehearsal of

coming real surgery using patient specific data. We tried to

build a way that would instantly reconstruct a patient’s data

for the simulation. When our research started to produce

some results, we realized that to simulate an operation, we

needed to feel with all fingers the softness of the organs.

In order to achieve this, we constructed an elastic tissue

model known as a sphere-filled model (Suzuki et al. 1998,

2003a, 2004). This proposed organ model allowed us to

perform surgical maneuvers such as pushing, pinching,

incising and resection. In addition, we tried to obtain haptic

feedback from the patients organs in a surgery simulation.

The developed system made it possible to handle soft tissue

organs with two force feedback devices attached to the

user’s hands.

First, we constructed a soft tissue model known as a

sphere-filled model for real-time simulation. We gave up

on applying the finite element method, because it was

difficult to construct a patient’s specific model in a short

preparation time. It was also difficult to handle it as a

deformable organ model in real-time. The sphere-filled

model consists of a group of small spheres inside the

organ’s surface and polyhedrons at the surface. Using this

model, we could perform surgical maneuvers such as

pushing, grasping, incision, and resection with a speed of

more than 30 frames per second (fps), including manipu-

lation of vascular structures in the organ. Figure 1 shows a

cutting deformation of the liver model. Figure 1a-1 shows

an incision deformation of the surface while Fig. 1b-1

shows the condition of the internal spheres. The spheres in

which the color was given shows the region of divided

spheres. Figure 1a-2 and b-2 show the form of the resection

surface after making some incisions. Figure 1a-3 and b-3

show grasping of the resection region. We could perform

these maneuvers with real-time visual feedback in an

interactive way. This model is also able to calculate the

volume of the resection region by automatically counting

the spheres in that region.

Second, we developed a haptic device, which allows the

user to experience tactile sensations. We developed a force

feedback device for both hands, which possesses 16

degrees-of-freedom (DOF) for manual interactions with

virtual environments. The force control manipulator

assembly was located on the backs of both hands producing

haptic sensation to the thumbs, forefingers and middle

fingers. Figure 2a shows a user and the devices attached to

both hands. Figure 2b shows the linkage between the

device and the real-time image. The user’s hand is per-

ceived as a 3D image in order to identify its location on the

liver surface.

Figure 1 shows how we completed the system. We

remember taping on video how the device worked until

dawn of the day; we were to fly off to Los Angeles to

introduce this video at Medicine Meets Virtual Reality

(MMVR) on the January 1999. The device was only

Fig. 1 The deformation of the liver model. a-1 and b-1 shows an

incision deformation, while b-1 and b-2 shows the generation of the

resection surface. a-3 and b-3 shows the grasping of the resection

region
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completed around Christmas of 1998. We used two

industrial robots so that we could link the haptic device

assembly with the fast movement of both of the surgeon’s

hands. Although we installed a safety device on the robots,

if they were to malfunction, they would have had the power

to tear the user limb from limb.

In 2001, using this first device as base, we developed a

second device that had various possibilities on tele-surgery.

At this stage, we gave up on using the head-mounted dis-

play that we had persisted with for a long time. We created

a curved display that only covered the field vision of the

user. It could see the operating field in 3D, and we tried to

make the virtual reality world as close to the real world

image as possible. This made the size of the device large,

but we effectively obtained the function for the ‘‘virtual

surgery’’.

The user could not immerse him/herself in the virtual

surgical space because of the method of presenting

simulation results using a conventional computer display.

To perform simulated surgery in the same environment as

the actual operation according to the user’s viewpoint and

the operation, the angle of elevation of this display can be

changed from 0� to 45�, and the elevator that equipped the

user’s stage with haptic devices (the cockpit) can be shifted

up and down or back and forth. Figure 3 shows a general

view of this cockpit. Figure 3a shows the situation for open

surgery simulation. Figure 3b shows the initial position of

the screen and the elevator, while Fig. 3c shows their

maximum positions. A surgeon attaches the force feedback

device to both of his hands and stands on the elevator as

shown in Fig. 3d and e.

We also mounted functions for the controlling surgical

robot applying large display and haptic devices, so that the

device could carry out not only simulations, but also tele-

surgeries. Hence, we decided to call this device the Tele

surgery–Virtual surgery Cockpit (Suzuki et al. 2003a).

Fig. 2 A force feedback

device. a Shows a

demonstration of the force

feedback devices for the right

and left hands while b shows an

experiment to touch the liver

model using the manipulator

with the 3D image

Fig. 3 A general view of our

virtual surgery, tele-surgery

cockpit. In this figure, b shows

the initial position of the screen

and the elevator while c shows

the maximum position. A

surgeon simulating surgery

attaches the force feedback

devices to his hands and stands

on an elevator (d, e)

Virtual Reality (2008) 12:281–291 283

123



3 Surgical navigation

3.1 Overlay imaging for whole body actions

of a human body

The application of real-time imaging using VR holds great

promise for techniques other than surgical simulation

(Devernay et al. 2001; Birkfellner et al. 2002; Shahidi et al.

2002; Nicolau et al. 2005; Giraldez et al. 2007). We have

especially put efforts into enabling surgeons to see through

patients bodies. We of course put efforts in augmented

reality at the operation site, but there was one thing that

nagged our minds. It is the visualization of the whole body

movement. It bothered us that there was no way to see

inside the whole human body when a person was walking

or jumping around. In CT and MRI, we tend to think that

we are able to look freely inside the human body from head

to toe. However, we are only seeing the insides of a human

body quietly lying down, face up. To solve this problem,

we simultaneously carried out research on developing a

navigation system that can visualize the whole structure of

the body and the movements of the skeletal system and

muscles. Our goal was to produce real-time 4D imaging

with movements of the whole body and visualize and

analyze them freely in virtual space.

First, we developed an imaging system for free and

quantitative observation of human locomotion in a time-

spatial domain by real-time imaging (Suzuki et al. 2003b).

The system is equipped with 65 computer-controlled video

cameras to film human locomotion from all angles simul-

taneously. Video images are installed into the main graphic

workstation and translated into a time-spatial matrix. It was

able to perform observation of the subject from various

directions by selecting the view point from the optimum

image sequence in this image matrix. This system also

possesses a function to reconstruct 4D models of the sub-

ject’s moving human body surface by using images

recorded from all directions at a particular time. This

system also has the capability to visualize inner structures,

such as the skeletal or muscular systems of the subject, by

compositing computer graphics reconstructed from the

MRI data set. We plan to apply this imaging system to

clinical observation in the area of orthopedics, rehabilita-

tion and sports science.

The system is divided into two large parts. One is the

assemblage of computer-controlled video cameras to col-

lect time sequential video images of the subject from the

subject’s surrounding positions. The other is a computer

system to control the camera array of the assembly and to

collect and process video images from multiple cameras

systematically. Figure 4 shows the appearance of the sys-

tem. For the camera assembly, we positioned 60 video

cameras around the subject and 5 video cameras pointing

from upwards. Specifically, we designed a 4-m diameter

ring-shaped camera assembly in order to provide a space

for the subject to be able to move freely in. The ring port

was hung under a motor-controlled crane that is movable

along a rail attached to the ceiling of the room. After image

data collection, all images are lined up as one huge time-

spatial image matrix to enable access of the image freely in

time domain and spatial domain. The user is able to change

the viewpoint or come and go in the time axis, interac-

tively, for precise observation of the subject’s locomotion.

The location and direction of each camera was previously

calibrated for the precise reconstruction of a 4D surface.

The inner structure of the subject was previously recon-

structed from the MRI data set, and this image was

superimposed on the live video image in all directions. The

user is able to observe the condition of joints of bones or

muscle in an interactive way.

Figure 5 shows the rotating subject’s view while time is

stopped. Figure 6 shows the reconstructed 4D model from

time sequential images using 65 angles. Figure 7 shows the

superimposed image of the subject’s skeletal and muscular

system conditions while the subject is walking. The 4D

modeling of the subject’s locomotion that expresses the

time sequential change of the shape, position and size of

every part and the inner structure of the subject are able to

be applied to the quantitative analysis of the human body.

3.2 Navigation system for surgical robot

Now we would like to get back to surgical augmented

reality and mention the relationship between robotic

operation and augmented reality. We thought that robotic

surgery, where the patient and the surgeon are separated

by some distance and the surgeon has to carry out the

Fig. 4 The appearance of the constructed dynamic spatial video

camera (DSVC) system
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operation with endoscopic images, needed an augmented

reality that could give more information to the surgeon.

First, we succeeded in mounting the augmented reality

function on a commercial robot, da Vinci (Intuitive Sur-

gical Inc.) (Salisbury 1998; Guthart and Salisbury 2000), in

2003, and the first clinical application was a cholecystec-

tomy (Hattori et al. 2003). At that time, there was hardly

any information about the da Vinci system. We had a hard

time trying to mount the augmented reality function by

covering the new system from around the da Vinci system.

The system is composed of a robotic surgery system (da

Vinci) and an augmented reality system (Fig. 8). The da

Vinci system consists of the surgeon’s console and the

patient side cart. The surgeon’s console has a stereo display

and handles that manipulate the patient side cart’s arms. The

patient side cart has three arms. Two arms allow various

surgical maneuvers and the other is attached to the laparo-

scope. The augmented reality system consists of two

devices. One is a graphic workstation (GWS, OCTANE

MXE, Silicon Graphics Inc.) that captures the laparoscopic

image and superimposes 3D organ models on the image.

The superimposed image is outputted to the stereo viewer of

the surgeon’s console. The other device is the optical loca-

tion sensor (POLARIS, Northern Digital, Inc.) that

measures the location of the laparoscope. The optical mar-

ker is attached away from the laparoscope’s tip so as not to

interfere with the laparoscope’s movement. Using data from

the location sensor, the GWS transforms the coordinate

Fig. 5 An example of the free observation in view points during the subject is freezing. In those image, the time is stopped at the point when the

position of the body is the highest against the floor, and the viewpoint is moving clockwise to observe its condition from the different directions

Fig. 6 The reconstructed 4D

model from time sequential

images using 65 angles

Fig. 7 Blending image of the

DSVC images and 4D model of

patient skeletal and muscular

model

Fig. 8 System configuration
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system of the 3D organ model to the surgical field coordi-

nate system and renders the 3D organ model image.

To fuse the laparoscope image and 3D organ models,

laparoscope and organ model coordinate systems have to

be transformed to a world coordinate system. After we

measured the laparoscope optical parameters and regis-

tered the same locations on the organ model and real

organ, we calculated the transformation matrix for fusing

the images.

Figure 9 shows a scene from a cholecystectomy. The

superimposed image is shown in Fig. 10. The gallbladder,

common bile duct and hepatic duct model are super-

imposed onto the laparoscope’s surgical field image. The

frame rate at this experiment was around 10 fps. The GUI

of the top window is used to change a transparency of each

organ. Figure 11 shows the surgeon’s console displaying

the superimposed stereo image.

In this clinical application, the system enables image-

guided navigation that followed laparoscope movement

with a stereo view. Although the system’s frame rate is

under 10 fps, this low frame rate does not affect the use of

this system, because this system is used for confirming the

internal structure of the organs and the laparoscope does

not move in this situation.

3.3 Augmented reality for an endoscopic robot

We also applied surgical navigation function for another

robotic surgery. This system is composed of a developed

endoscopic robot system and an augmented reality system

(Hattori et al. 2005). Figure 12 shows the system outline.

In our developed endoscopic robot system (Suzuki et al.

2003c), the distal part of the elastic tube has endoscopic

eyes with a pair of small robot arms, one either side of the

eye. Its shape is similar to a small scorpion. The distal part

Fig. 9 A scene showing registration during a cholecystectomy

Fig. 10 Superimposed images onto the GWS display; the patient’s

organ models (gallbladder, common bile duct and hepatic duct) are

superimposed onto the surgical field image; top window the left eye’s

view, bottom window the right eye’s view

Fig. 11 Superimposed image on the surgeon’s console. a A scene of

the stereo viewer from surgeon’s console, b a scene from the right

eye’s viewer
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of each arm has forceps. A wire drive mechanism is

applied to operate the robot arms. The diameter of each

robot arm is 3 mm, and the maximum size of the distal part

of the robot is 21 mm so that it is able to reach the gastric

tube via the esophagus. The component power of three

stainless wires enclosed inside a thin elastic tube controls

the endo-effecter. An endoscopist operates the endoscope-

shaped body of the robot to move it into the gastric tube,

and a surgeon beside the endoscopist remotely controls

both robot arms using the controller panel.

The augmented reality system consisted of two visual

devices. One is a graphic workstation (GWS: OCTANE

MXE, Silicon Graphics Inc.) that has a digital video pro-

cessing board installed in it. The GWS captures the

endoscopic video image and superimposes a 3D organ

model onto the captured video image. The surgeon is able

to watch the superimposed video on the endoscope’s

monitor. One is the small magnetic location sensor (mini

BIRD, Ascension Technology Co.) that always measures

the location and the direction of the endoscopic robot’s tip.

The sensor is fixed to the tip of the robot (Fig. 13). Using

the updated positional data from the location sensor, the

GWS transforms the coordinate system of the 3D organ

model to the surgical field coordinate system and renders

the 3D organ model onto the endoscopic captured video

image. The 3D organ models are previously reconstructed

from the patient MRI or CT dataset.

After registration, the surgeon inserts the endoscopic

robot through the mouth cavity via the esophagus into the

stomach. The 3D organ model that surrounds the stomach

indicates the location and direction of the robot and is

superimposed onto the endoscopic image (Fig. 14). In this

subjective image, the spine, ribs, liver and hepatic artery

models are displayed. In this figure, the top left small

window also shows an objective location of the robot’s tip

in the coordinate system of the organ model. The viewpoint

of this window could be set interactively. The surgeon was

able to change the transparency and the color of the organ

models, and switch from superimposed video to non-

superimposed video, depending on the situation of the

surgical field. The frame rate for this experiment was 12–

14 fps. In this verified experiment, EMR was performed

using the augmented reality technique.

In this section, we described the process of loading the

augmented reality functions for several different robotic

surgeries. There are many advantages of overlaid 3D

images for future developments of this kind of system. In

addition, there is also a need to develop 3D positioning

measurements without using engineering markers that

need to be sterilized every time. If we can overcome

these issues, we will be able to more easily capture the

inner structure of the organ as it changes during the

operation.

3.4 High-tech operating room for surgical navigation

Here, we describe the high-tech operating room for image-

guided surgery at our university hospital (Suzuki et al.

2005).

We aimed to construct an operating room equipped with

devices utilizing high dimensional (3D, 4D) medical

imaging techniques that enable the study of new surgical

procedures.

This operating room was designed and constructed to

provide new functions such as 3D and 4D images applying

real-time imaging and medical-use VR technology, to

ascertain the structures of affected regions. In this operat-

ing room, a C-arm typed CT (Siemens-Asahi Medical

Technologies Ltd.) for acquiring the 3D structures in the

operating view and a non-metal operating table with

movable type rail (MAQUET GmbH & Co. KG) that does

not interrupt CT measurements were installed. As well, to

enable the fusion of various data streams, an optical 3D

position sensor (Optotrak: Northern Digital Inc.), arm-type

monitors for an operator’s view, a computer for processing

images, and a large-size transparent monitor were hung

Fig. 12 System outline

Fig. 13 An appearance of the endoscopic robot system (a). The

magnetic location sensor is attached to the endoscope’s tip (b)
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from the ceiling of the operating room. Four liquid crystal

display (LCD) arm-type monitors to provide an operator’s

view, designed and manufactured in consideration of sur-

gical clarity, were installed around the operating table. The

monitors were installed using a multi-joint arm, so that the

operator would be able to freely choose from various

images in the immediate proximity of the operating view.

The large-size transparent monitor is installed with the aim

of sharing information among staff in the operating room.

This system can provide various images during the oper-

ation using a 40-in transparent hologram screen and the

LCD projector, both hanging from the ceiling. Moreover,

to prevent exhaust dust from the LCD projector’s fan

polluting the air-conditioning in the operating room, it was

built into an exclusively designed transparent-globular

form acrylic case, and exhausted to the outside of the

operating room with a duct connected to the case. We also

decided to install a duct to remove dust generated by fans

in the equipment installed in the console, such as the

Graphic Workstation, the PC, and the controller for 3D

position sensors, so that it would not be discharged into the

operating room. A view of this operating room is shown in

Fig. 15, and the computer console located in the operating

room is shown in Fig. 16. It is possible to output the

images from each computer to optional display units using

the matrix switcher on the console. Figure 17 shows

the ceiling-mounted transparent hologram screen and

projector.

We have developed two different image display systems

for surgical navigation using this equipment. One is a

video see-through-type display, and the other is an optical

see-through-type display. The systems are composed of the

ceiling-hanged LCD monitor and the optical 3D position

sensor. Both the monitor and the objective inner structure

Fig. 14 A scene of navigation

at the EMR procedure. The

organ models are superimposed

onto the endoscope’s image.

According to the endoscope

movement (in these Figs. a–d,

the endoscope moves from left

to right while looking down to

the spine), the superimposed

organ models follow the

movement
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are registered by an optical sensor. The video see-through-

type data fusion display also has a small size video camera

on the back of the monitor. The monitor displays in 3D a

patient’s inner structure, which is superimposed onto a

captured surgical field image. The optical see-through-type

data fusion display has a semi-transparent mirror in front of

the monitor. The image displayed on the monitor is pro-

jected onto the mirror. As well, the surgeon’s head position

is measured by a 3D position sensor and the data fusion

image is synchronized to the view of the surgeon. The

surgeon is able to observe the surgical field and the inner

structure of the patient through the mirror from various

viewpoints.

Figure 18 shows the appearance of the video see-

through-type display that uses a liver phantom (Fig. 18a)

and an elbow model (Fig. 18b). The inner structural

models are superimposed onto the captured surgical view.

The appearance of the optical see-through-type display is

shown in Fig. 19. The surgeon’s head position is measured

by a 3D position sensor (Fig. 18a). The surgeon is able

to observe the patient’s inner structure from various

viewpoints.

In completing this operating room, we provided a new

site for clinical studies that would not only clinically

evaluate the data fusion and robotic systems involved in

endoscopy that have been developed to date, but one that

would also construct a correspondence with the robotic

surgery system or with tele-surgery, both areas that we

believe will increase in popularity.

Fig. 15 Overviews of the high-tech operating room from different

points of view

Fig. 16 The computer console in the high-tech operating room

Fig. 17 The transparent hologram screen and the sealing formula

LCD projector
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4 Towards the future

We have described the research of our team and the work

we have conducted in recent years. From the beginning of

the 1980s, for almost 10 years, we had asserted the need

for a laboratory. In 1998, the president of our university

told us that we could build the lab. For us, the past 10 years

has been a very important decade. It was also an important

period for researchers in the field as VR began to really be

used in the medical field, which we had dreamed of all

along. Looking at the MMVR excerpt, it is clear that

the advancement of surrounding technology such as

workstations also accelerated the improvement of our

development. But now, in 2008, when we look around the

hospital and in medical wards, there are still only a few

medical virtual reality devices that are applied in everyday

use. We believe that time will solve this, and that in

10 years time, virtual reality will be applied in everyday

medical use. We continue to carry out our research,

dreaming of a near future where patients undergo diagnosis

and treatment with medical virtual reality devices as rou-

tinely as with CT and MRI devices.
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